Abstract. Cobalt doped at B site from LaNiO 3 with catalyst perovskite structure was synthesized by sol-gal process of thermal decomposition citrates. The gas diffusion electrode was manufactured via a complex process chain of catalyst LaNi 1-x Co x O 3 (LNC, x=0, 0.2, 0.4, 0.8, 1.0), graphite, sodium sulfate, PTFE and acetylene black. TGA-DTA, X-ray diffraction (XRD) and transmission electron microscope (TEM) were performed to investigate sintering temperature and crystal structure of LaNi 1-x Co x O 3 . Meanwhile, the electrode characteristic was investigated by using cyclic voltammetry (CV) and degradation experiment. The results suggested excellent electrochemical characteristics of gas diffusion electrode equipped with perovskite-type oxide of LaNi 0.8 Co 0.2 O 3 with respect to the oxygen reduction reaction. Good degradation of thiamethoxam pesticide wastewater concentration was also observed by UV-vis spectrophotometer equipment. Specifically, after 60 minutes of electrochemical catalytic degradation in Electro-Fenton Oxidation Process, the maximum degradation efficiency could be reached with the current density 3.1mA/cm 2 , and pH 3. It was worth noting that both the current density and pH met the first order reaction kinetics equation in the degradation process. In addition, an improved gas diffusion electrode was manufactured so as to analyze the products (N-methyl-nitro-formamide) of thiamethoxamin degradation process by LC-MS. The results demonstrated improved degradation efficiency of refractory organics with the method.
Introduction
Neonicotinoid pesticides have been extensively used currently, which occupies nearly 25% of the global insecticide market. Among them, the compound thiamethoxam (TMX) is widely employed [1, 2] , leading to more and more thiamethoxam released into the environment, such as the area of foliage, seed and stem treatment etc [3] [4] [5] . As a result, its massive accumulation in the environment will greatly threaten human health if not be treated as early as possible.
Advanced oxidation processes (AOPs) are promising techniques for remediation of contaminated water by in-situ destruction and mineralization of non-biodegradable organics [6, 7] , which can generate active free radicals (e.g.
•OH) that oxidize many organic contaminants [8] for the treatment of refractory organic wastewater from chemical, dyeing and printing, pharmaceutical, pesticides and oil industries. Over the past few decades, AOPs including chemical oxidation process [9] , photochemical oxidation process [10] , wet oxidation process [11] , supercritical water oxidation process (SCWO) [12] , etc. used for the degradation of pesticides have not been found effective for this purpose but had lots of disadvantages, such as secondary pollution, high operative costs, long reaction time and poor maneuverability. However, among the AOPs, Electro-Fenton (EF) Oxidation Process is particularly attractive because of its highly-efficiency, amenability to automation, and environmental compatibility [13] . The key factor that influences degradation efficiency is the production of hydroxyl radicals (•OH). In Fenton oxidation process, H 2 O 2 reacts with Fe 2+ , thereby generating hydroxyl radicals and ferric ion according to Eq. 1 [14] . The hydroxyl radicals can oxidize large molecules into smaller ones so that their toxicity is less than the mother substance. (1) In this study, we employ EF Oxidation Process, in which Fenton's reagent is utilized to produce hydroxyl radical in the electrolytic cell and ferrous ion is regenerated via the reduction of ferric ion on the cathode [15] . One of the key means to improve the degradation efficiency of EF Oxidation Process is selecting the working electrode materials. It is well known that perovskite type oxides (ABO 3 ) have attracted worldwide interests due to their excellent properties of catalytic combustion, electrode materials [16] , etc. The characteristics of A and B ions and their valence states greatly affect the catalytic characteristics of perovskite-type oxides and the stabilities of the perovskite phases. Perovskite structures allow replacement of partial A or B cations with heterovalent elements, inducing oxygen vacancies or variation of valence state of A/B-sites.
In addition, some studies have demonstrated that partial substitution of B cation could improve the perovskite catalysts activity [17] . Specifically, transition metals additives could improve the performance of perovskite type oxides catalyst [18, 19] . Among these perovskite catalysts, lanthanum nickel oxide LaNiO 3 has been widely used because of its good electronic and catalytic features. For instance, it was employed as the fundamental material of electrode for propene and CO combustion reactions [20] , as well as catalyst for the degradation of wastewate [21] . A number of works have been carried out in order to improve LaNiO 3 activity by partial substitution of B. Meanwhile, LaNi 1-x Co x O 3 is known as an electrode catalyst material due to its high catalytic activity for fuel cell [22] , dry reforming of methane [23] , deep oxidation of propane [24] , etc.
However, there are few studies reporting degradation of thiamethoxam pesticide wastewater with LaNi 1-x Co x O 3 as the catalyst. This paper investigated degradation of thiamethoxam pesticide wastewater using the perovskite-type oxide LaNi 0.8 Co 0.2 O 3 as the cathode catalyst applied to the EF Oxidation Process. In this paper, TGA/DTA, XRD and TEM were performed to study the properties of LaNi 1-x Co x O 3 . Meanwhile, the characteristics of gas diffusion electrode were researched by using cyclic voltammetry analysis and tested for thiamethoxam degradation. The effects of current density, pH and degradation time upon the thiamethoxam removal efficiency were investigated. O, purchased from Tianjin Guangcheng Chemical Industry Co., Ltd.) were diluted with alcohol to 100 mL. The molar ratio of citric acid and metal molar were set to 1.5. Then, NH 3 ·H 2 O was added so as to adjust the pH value to 10 and to obtain transparent solution, which was heated in 80 ˚C water-bath until turning into a gel. The compound was then calcined at 800 ˚C for 2 h with a rate of 10 ˚C /min under air atmosphere.
Material and Methods

Preparation of LaNi
Preparation of gas-diffusion cathode
To prepare LNC gas-diffusion electrode, LaNi 1-x Co x O 3 powder, graphite, acetylene black, Na 2 SO 4 , and PTFE were dispersed in anhydrous ethanol with sonication for 2 h. A uniform suspension could be obtained, which was then heated at 80 ˚C in a water bath until a thick paste was produced. Divided into two parts, the paste was smeared on both sides of nickel foam, and pressed under 15 MPa for 30 min, and heated at 350 ˚C for 2 h with a rate of 5 ˚C/min under air atmosphere. Thus, the gas-diffusion electrode (5.1 cm×3.2 cm) consisted of 2.9 wt.% LaNi 1-x Co x O 3 , 52.6 wt.% graphite, 5.8 wt.% AB, 9.7 wt.% Na 2 SO 4 and 29 wt.% PTFE.
Characterization of catalyst
Thermo-gravimetric and differential thermal analysis (TGA/DTA) was performed with Q600-SPT analyzer in a flow of air from room temperature up to 800 ˚C at a heating rate of 10 ˚C/min in an Al 2 O 3 sample pan. XRD of LaNi 1-x Co x O 3 was conducted with a diffractometer (Rigaku D/MAX-rA) with Cu K-α radiation (λ=0.154184 Å). The 2θ ranges from 0°~70°, and the scan rate is 8°/min. The transmission electron microscopy was done using a JEOL JEM 2010F equipped with a field emission gun operated at 200 kV. The domain sizes and morphology were observed by TEM with magnification of 72000 times.
Degradation system of thiamethoxam
The steps of using self-designed gas diffusion electrode in electrochemical principles to degrade thiamethoxam pesticide wastewater are as below:
(1) (1 L) thiamethoxam solution of 10 mg/L, (7.062 g) sodium sulfate as electrolyte, (0.278 g) ferrous sulfate as the catalyst of electrical Fenton reaction were added into an electrolyzer, and stirred for 30~40 min with the magnetic stirring apparatus. Meanwhile, the solution pH was adjusted to pH 3.
(2) The distance between the self-designed gas diffusion electrode including acetylene black and LNC catalyst (cathode) and the ordinary graphite electrode (anode) is 3 cm, and an external DC power source provides the current density of 3.1 mA/cm 2 . Aeration was performed for 30 min at the speed of 10 L/min in the electrolyzer, which was stirred for 10~20 min with the magnetic stirring apparatus.
The synthetic wastewater was prepared in the supporting electrolyte of Na 2 SO 4 , whose pH was adjusted with proper H 2 SO 4 or NaOH. Meanwhile, oxygen was supplied with a gas flowmeter near the cathode at a certain flow rate. Additionally, FeSO 4 was added into the solution and kept stable electrochemical potential via constant voltage [26] .
Electrochemical measurements
Electrochemical parameters of preparing LNC gas-diffusion electrodes were measured with cyclic voltammetry method at an electrochemical workstation (CHI700B, ChenHua, Shanghai, China). A standard three-electrode electrochemical system was adopted in the measurement, where cathode catalyst, saturated calomel electrode and ordinary graphite electrode were used as working electrode, reference electrode and counter electrode, respectively [27] .
Thiamethoxam concentration was determined on UV-vis spectrophotometer equipment at λ=250 nm (TU-1810). The degradation efficiency (η) is obtained by the following Eq. 2:
Where A 0 and A t are the absorbency at initial time and " t " moment, respectively.
Results and Discussions
Effect of sintering temperature on perovskite catalyst Decomposition processes of xerogel perovskite catalyst at different temperatures were observed through the TGA/DTA curve (Fig. 1) . The stage 1 transformation completed at 252 ˚C, showing a slow mass loss of 22.82% for preheated perovskite catalyst sample, in correlation with a small endothermic peak. This mainly corresponds most likely to dissipation of xerogel residual water or hydrated water that may remain in the perovskite catalyst sample, in agreement with previous reports [28, 29] . The stage 2 transformation completed at 380 ˚C, showing an obvious mass loss of 31.51% for in-depth heating of perovskite catalyst sample, which might be due to steam and carbon dioxide resulted from combustion of citric acid, in coincidence with observation of the relatively broad exothermic peaks. The stage 3 transformation completed at 524 ˚C, there was few mass loss (9.9%), because of decomposition of the remaining nitrate and citric acid complexes probability. The last stage completed at 800 ˚C nearly without any mass loss, indicating that the compound formed at 800 ˚C was in a stable state, besides, there was a weak exothermic peak in the DTA curve when calcination temperature was closed to 800 ˚C, which may be the optimal temperature for perovskite formation, in agreement with TEM results discussed below. d=nλ/2sinθ (3) Where n is an integer determined by the order given, and λ is the wavelength (λ=0.154184 nm). d is the spacing between the planes in the atomic lattice, and θ is the angle between the incident ray and the scattering planes. The parameter d of different ratio perovskite catalyst was calculated so as to compare with the standard lattice parameters of LaNiO 3 . The results are shown in According to Scherer formula:
where D is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain size; k is a dimensionless shape factor (0.89), with a value close to unity. λ is the X-ray wavelength (0.154184); β is the line broadening at half the maximum intensity (FWHM), after subtracting the instrumental line broadening, in radians. θ is the Bragg angle. The domain sizes of lattice plane (110) were calculated as shown in Table 2 In order to investigate the influence of calcination temperature on properties like domain size and degree of dispersion of LaNi 1-x Co x O 3 catalyst, TEM characterization of LNC catalyst was performed under different calcinations temperature with a magnification of 72000 times. The particle distribution is as shown in Fig. 3 . (From top to bottom:700˚C, 800˚C, 900˚C) Comparison of the above three scanning images showed that at 700 ˚C calcination temperature, not only is the morphology of catalyst particles irregular, but also the particles show serious agglomeration, rather than obvious dispersion. Moreover, the domain size is significantly larger than that at other temperatures, which might be attributed to the small quantity of instantaneous nucleation catalyst particles at 700 ˚C, where the particles constantly remain in agglomeration state. In contrast, the catalyst particles dispersed uniformly at 800 ˚C calcination temperature, and the domain size is smaller. The potential reason is increased specific area of the catalyst due to large quantity of instantaneous nucleation catalyst particles during calcinations, and suitable particle growth rate. Since the structure has more catalytic sites, better catalysis effect could be achieved. At 900 ˚C calcination temperature, the domain size tends larger, even though the particle dispersion is good. Specifically, the catalyst particles dispersed uniformly due to satisfying number of instantaneous nucleation particles, however, the collision frequency increased, resulting in cohered particles and increased domain size. Thus, the catalyst specific area was decreased, affecting the catalyst effect. With increased Co doping ratio in the catalyst, the oxygen reduction current efficiency of perovskite catalyst also ascended at initial stage (1~2), indicating that Co could elevate the catalytic ability of perovskite catalyst with respect to oxygen reduction. With continuous increasing of Co doping ratio (2~5), the electrode's peak current of oxygen reduction decreased, corresponding to the reduced catalytic ability of perovskite catalyst for oxygen reduction. To be more specific, the lowest catalytic efficiency could be reached when there was no Ni in catalyst. Compared with other electrodes, the gas diffusion electrode (2) with mole ratio Ni:Co=0.8:0.2 has more obvious oxygen reduction peak, and correspondingly, higher oxygen reduction current and lower voltage during oxygen reduction reaction, suggesting higher current efficiency during oxygen reduction for electrode (2) , or in other words, stronger catalytic ability of the catalyst for oxygen reduction. Under the catalysis of Fe 2+ , more active radical HO· was generated. Thus, the catalyst electrode in this matching principle possesses the best degradation efficiency of wastewater. Therefore, the atomic ratio of the metals in the compound was determined to be 1:0.8:0.2(La:Ni:Co). This is due to the fact that the catalytic ability of perovskite catalyst for oxygen reduction is related to the formation of oxygen vacancies. Crystal defects would occur at high Co doping amount, inducing varied internal structure of perovskite catalyst. Thus, the concentration of unordered oxygen vacancies in the catalyst was improved. Consequently, the ionic conductivity and active potential of the catalyst were also elevated. With continuous doping of Co element, impurity phases would increase in the catalyst, and excessive oxygen vacancies were generated, causing decreased conductivity. Hence, the catalytic activity of perovskite catalyst was affected, and the oxygen reduction current of the gas diffusion electrode became small, which will lead to descended degradation ability of the electrode for organic matters.
The ultraviolet spectral analysis of thiamethoxam
The concentration of thiamethoxam was analyzed by UV-vis spectrophotometry. The UV spectroscopy analysis of absorbance scanning curve of thiamethoxam is shown in Fig.5 . The concentration of thiamethoxam is 10 mg/L. Large absorption peaks were observed at 250 nm in the range of 190 ~ 900 nm wavelength and the peaks were stable at 250 nm before the degradation reaction. As the degradation time continues, thiamethoxam's absorption peak in the wave length of 250 nm becomes lower, indicating that degradation reaction can break the perssad of thiamethoxam, change its formation and turn it into other substances. There was a slight red-shift phenomenon at 200 nm, which may be due to the effects of pH and polarity of the solution [31] . therefore, 250 nm was selected as the maximum absorption wavelength in this research. 
Effect of applied current density on degradation
Applied current density has an importance influence on degradation efficiency and process economics. previous study [32] has reported that the increasing current could improve the efficiency of electrochemical oxidation process. Current densities ranging was 1.2~4.6 mA/cm 2 .With the degradation conditions of thiamethoxam in 10 mg/L, Na 2 SO 4 in 0.05 M, pH 3 for 60min, the degradation efficiency of thiamethoxam as a function of current density is shown in Fig. 6 . The results showed that the degradation efficiency increased as a function of applied current density, specifically, 3.1 mA/cm 2 current density induced maximum degradation efficiency of 82.8%. A slight reduction in thiamethoxam degradation can be obtained with further increasing of current density. ; f:4.6 mA/cm 2 ) With the increasing of current density applied (1.2~3.1 mA/cm 2 ), the degradation efficiency also ascended. With continuous increasing current density applied (3.1~ 4.6mA/cm 2 ), the degradation efficiency decreased instead.
At low applied current density, the voltage is not enough to participate in side reactions, which occur oxygen four-electron reduction to generate water in higher applied current density, as shown in the following reactions Eq. generate water at the anode, as shown in the following reactions Eq. 6. Therefore, nearly all energy was consumed to produce •OH for the degradation of thiamethoxam. However, the side reactions except oxygen two-electron reduction were more dominant as the current densities increased. The optimal degradation efficiency was close to approximately 79 % when the current density kept at 3.1 mA/cm 2 .
Effect of pH value on degradation
The solution pH is a chief operational parameter in the electrocatalysis oxidation process of wastewater treatment [33] . pH varying from 2 to 8 was investigated in 10 mg/L thiamethoxam and 0.05 M Na 2 SO 4 at the current density of 3.1 mA/cm 2 for 60 minutes. The effect of pH on thiamethoxam degradation efficiency is presented in Fig. 7 . It could be seen that the degradation efficiency increased from pH 2 to pH 3 and then decreased noticeably beyond pH 3. The highest electrocatalysis activity was produced at pH 3, where the thiamethoxam removal efficiency reached to 82.7% in 60 minutes. The optimal pH of EF reaction is consistent with previous study [34] . Since degradation time has important implications for the degradation effect of thiamethoxam pesticide wastewater, an optimal time can lead to sufficient thiamethoxam degradation. However, it is worth noting that overlong time will result in a waste of resources, and side effects will occur, which is not conducive to electrochemistry degradation. The thiamethoxam degradation curve of different time (Fig. 8) could be obtained by studying the removal efficiency at different time of synthetic wastewater, which can contribute to the determination of suitable degradation time of thiamethoxam pesticide wastewater. mA/cm2. Results showed that the degradation efficiency increased as the degradation time went up to 60 minutes when maximum degradation efficiency was achieved(82.5%). Thiamethoxam degradation can be slightly obtained with further increasing time. But the longer electrochemical degradation time is, the more energy will be consumed. The optimal electrochemical degradation time of thiamethoxam pesticide wastewater is 60 minutes. At the same time, we could also find out that the degradation efficiency of LNC gas-diffusion electrode (82.5%) is obviously better than degradation efficiency of common graphite electrode (47%) at 60 minutes.
Determination of reaction order
It is modeled that thiamethoxam degraded at an nth-order efficiency Eq. 7.
Where k is the apparent reaction efficiency constant, C is the concentration of thiamethoxam, n is the reaction order.
Assuming that the concentration depletion is a first-order reaction (n=1), the above Eq. 7 can be described as follows Eq. 8:
Where C 0 and C t are the concentrations of thiamethoxam at initial time and moment t. Experimental study of dynamics curves ( Fig. 9 ) and the kinetics equation (Table 4) at different current densities of thiamethoxam electrochemical degradation are shown as follows. Fig. 9 and Tab. 3 that the correlation coefficient R for each regression equation is greater than 0.99, and that -ln(C/C 0 ) is linearly correlated to t. Therefore, electrochemical degradation process of thiamethoxam pesticide wastewater at different current densities is consistent with first-order kinetic model. As the current density increases, the apparent reaction efficiency constant k firstly increases and then decreases. Specifically, the degradation efficiency of thiamethoxam constants reaches the highest value at the current density of 3.1 mA/cm 2 . The kinetics equation (Tab.5) at different pH value of thiamethoxam electrochemical degradation is shown as follows.
Tab.4 Thiamethoxam degradation kinetics equation of different pH
It can be seen from the charts that the correlation coefficient R for each regression equation is over 0.98, suggesting that the degradation process of thiamethoxam pesticide wastewater within the studied pH range is in accordance with first-order kinetic model. The apparent efficiency constant k significantly changes, specifically, increase first and then decrease as pH increases, indicating that the degradation of thiamethoxam pesticide wastewater is significantly influenced by pH of the reaction system. The apparent efficiency constant k rises up to 0.0376 at pH 3, denominating the highest thiamethoxam degradation efficiency at pH 3.
Degradation pathway and mechanism
Processing of ion exchange column before LC-MS analysis was conducted for the thiamethoxam solution at the degradation time of 0 min, 30 min, and 60 min respectively(reaction conditions: pH 3; current density 3.1 mA/cm2; concentration of thiamethoxam solution 10mg/L). The processing steps are: 100 ml thiamethoxam solution was first extracted at t time (t=0 min, 30 min, 60 min), followed by anion exchange resin of 100 ml and cation exchange resin of 100 ml so as to remove salts in the solution, since they do not affect the degradation of organic matter, the impact on the spectrum and instrument could be reduced.
Liquid chromatography analysis is performed with Dionex UltiMate 3000 for the LCQ Fleet. The chromatographic conditions were that regarding acetonitrile (30%), and water (70%) as mobile phases at the flow speed of 0.3 mL/min, and the injection volume was 20 µL. The LC-MS chromatograms of electrochemical degradation process about thiamethoxam solution are as follows. range: 100~400) An attempt was made to identify the intermediate products formed during the degradation process through mass spectrometry analysis. We can seen from the mass spectra in Fig. 11A that the relative molecular mass of 291.84, 293.77 substances of the thiamethoxam before treatment were always presented, we believed they were kinds of impurities, such as deuterium and tritium contained in the raw pesticide. the amount of thiamethoxam decreased gradually as the reaction time increased. From Fig. 11B we can see that the relative molecular mass of 224.09 (Intermediate a), 104.51(Intermediate b), 104.48(Intermediate c) substances were presented subsequently. Fig.  11C shows that there were few of thiamethoxam in the solution after 60 min of treatment. It indicated that most of thiamethoxam were decomposed into other substances. It can be concluded from Fig. 11A-C According to the structure of the degradation product of thiamethoxam, the presumed electrochemical degradation mechanism is shown in Fig. 12 . Fig. 12 Electrochemical degradation process of thiamethoxam The electrochemical degradation process of thiamethoxam occurs in the first position of the nitro imide group because the existing lone pair of electrons in the nitrogen of C=N group are susceptible to be attacked by HO▪ which has strong electron withdrawing characteristic produced by EF Oxidation Process in order to generate guanidino group (=NH) and carbonyl group (C=O). The process is similar to that reported by Pandey [35] etc, where bacterial degradation method was used to deal with thiamethoxam to generate the final products including TMX-NH and TMX-urea. In addition, J.Schwartz [36] reported that light degradation products mainly include CTM-urea. However, the electrochemical degradation process of thiamethoxam is more thoroughgoing. Specifically, TMX-NH and TMX-urea would continue to experience bond cleavage reaction, thereby generating N-methyl-nitro-formamide, as well as inorganic small molecular CO 2 
Conclusions
Using LaNi 0.8 Co 0.2 O 3 as a gas diffusion electrode catalyst demonstrated good electro-catalysis performance for the degradation of thiamethoxam pesticide wastewater. The removal efficiency of thiamethoxam pesticide wastewater reached 82.5% after 60 minutes electrolysis for synthetic wastewater containing 10 mg/L thiamethoxam and 0.05 M Na 2 SO 4 supporting electrolyte at the current density of 3.1 mA/cm 2 , and pH 3, which obviously higher than commom graphite electrode (47%). The kinetics of thiamethoxam degradation was in accordance with the first order reaction kinetics within the scope of the investigated current densities and pH. Based on the experimental analysis, the degradation mechanism involved the attack of HO• produced by EF Oxidation Process, N-methyl-nitro-formamide was identified as the main intermediate product with continuously oxidized C=N ring cleavage, ultimately leading to the transformation of thiamethoxam to ringopening products and to small inorganic molecules.
